Steroid-induced osteonecrosis of the femoral head (SONFH) is a common orthopedic disease associated with the application of glucocorticoid (GC). In this study, we detected the microRNAs (miRNAs) differentially expressed in bone marrow mesenchymal stem cells (BMSCs) from SONFH patients, and target gene predictions were performed, and the functions of the target genes was verified.
Background
Steroid-induced osteonecrosis of the femoral head (SONFH) is a serious orthopedic disease associated with the application of glucocorticoid (GC), with progressive osteocyte and bone marrow necrosis resulting in structural changes and even collapse of the femoral head. If the patient fails to obtain effective treatment, osteonecrosis will occur within 2 years of the use of GC in most cases. The femoral head will collapse, and osteoarthritis can become so severe that approximately 70% of patients will need artificial joint replacement, which can lead to debilitation and have a serious impact on quality of life [1] . Up until now, the exact mechanism of SONFH has been largely unknown.
Bone marrow mesenchymal stem cells (BMSCs) are pluripotent stem cells that can differentiate into multiple tissues, including osteocyte, chondrocyte, adipocyte, and endotheliocyte, playing a crucial role in tissue regeneration [2] [3] [4] . BMSCs isolated from bone marrow are still considered ideal materials for cytotherapy against various orthopedic diseases [5] [6] [7] . The increased adipogenic and decreased osteogenic capability of BMSCs has been reported to be related to SONFH [8] . In addition, BMSCs isolated from SONFH have shown decreased proliferation ability; GC suppresses osteogenesis by inhibition of BMSCs [9] . Thus, investigations of the factors regulating osteogenesis and adipogenesis of BMSCs may provide novel targets for prevention and treatment of SONFH.
MicroRNAs (miRNAs) are small noncoding regulatory RNAs. They inhibit translation or promote mRNA degradation by binding to the 3'-untranslated region (3'-UTR) of their target mRNAs [10] . It has been reported that miRNAs regulate multiple physiological processes, including cell proliferation, differentiation, metabolism, and apoptosis [11] . Bioinformatic analysis has revealed that over one-third of human genes may be regulated by miRNAs, indicating their critical functions in regulating gene expression [12] . Recently, evidence has indicated that miRNAs directly participate in the pathogenesis of numerous orthopedic disorders such as osteosarcoma, osteonecrosis, osteoarthritis, and osteoporosis [13] [14] [15] . However, changes in miRNAs in BMSCs induced by GC remain to be fully demonstrated.
In our study, we isolated and cultured BMSCs from SONFH patients and femoral neck fracture (FNF) patients, and we screened differentially expressed miRNAs using miRNA microarrays. We identified 5 differentially expressed miRNAs in BMSCs from SONFH patients with 4 upregulated miRNAs (hsamiR-601, hsa-miR-452-3p, hsa-miR-647, and hsa-miR-516b-5p) and 1 downregulated miRNA (hsa-miR-122-3p). Their target genes and related signaling pathways were predicted by bioinformatics analysis. Additionally, the expression variation trend of the differentially expressed miRNAs during osteogenic and adipogenic differentiation were detected to demonstrate the crucial regulation effect of miRNA during the SONFH pathogenetic process.
Material and Methods

Sample selection
This research was approved by Ethics Committee of Jilin University, The Second Hospital, and all the patients involved in this research signed the written informed consents. The BMSCs used in this research were obtained from 9 patients with nontraumatic osteonecrosis of the femoral head (ONFH) and 11 patients with FNF who received total hip arthroplasty from May 2016 to March 2017 in the Department of Orthopedics, The Second Hospital of Jilin University, China.
All the patients with non-traumatic ONFH involved in this research declare a history of hormone application for more than a year. Preoperative radiograph, computed tomography (CT), and magnetic resonance imaging (MRI) were conducted to make the diagnosis of non-traumatic ONFH. According to Ficat and Arlet staging system, all the patients with non-traumatic ONFH were classified as stage III or IV. The cases involved in this research declare no history of explicit trauma, tumors, other metabolic bone diseases, previous hip surgery, or infectious disease.
Because we were not able to obtain bone marrow from the upper femoral medullary cavity of healthy persons, the bone marrow from the FNF patients were used as the control group. The FNF patient bone marrow was obtained within 48 hours after trauma. The preoperative radiograph was conducted to confirm that the femoral head had no necrotic area. Patients older than 80 years of age, patients with a pathological fracture, and patients with a history of metabolic bone diseases or infectious disease were excluded.
Cell isolation, culture and identification
The bone marrow was obtained from upper femoral medullary cavity during surgery, and BMSCs were isolated from the bone marrow by density gradient separation as previously reported [7] . An equal volume of Percoll Solution (Sigma, USA) was used to separate mononuclear cells at centrifugation for 30 min at 2000 rpm. Then cells were suspended in regular growth medium and adhered on a 55 cm 2 culture dish (Corning, USA). Growth medium contained 10% fetal bovine serum (Gibco, USA), 90% low glucose DMEM (HyClone, USA), 100 units/mL penicillin, and 100 mg/mL streptomycin. Cells were cultured in a humidified incubator with 5% CO 2 at 37°C.
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BMSCs were analyzed for the expression of CD29, CD90, and CD34 by flow cytometry. About 5×10 4 cells were stained with 20 μL of mouse anti-human CD34-FITC, CD90-FITC, and CD29-PE antibodies for 30 min at room temperature. The cells were analyzed for fluorescence by flow cytometry.
RNA isolation and miRNA microarray analysis
Total RNA was extracted with TRIzol reagent (Invitrogen, USA) by standard protocols. RNase-free water was added to resuspended RNA. Then a spectrophotometer was used to detect the concentration, and agarose gel electrophoresis was used to confirm the purity and integrity of the total RNA.
We chose 6 samples, 3 samples for the SONFH group and 3 samples for the FNF group, to use for microarray analysis. Then, 1 μg total RNA was labeled with miRCURYTM Array Power Labeling kit (Cat #208032-A, Exiqon). After stopping the labeling procedure, the Hy3™-labeled samples were hybridized to the miRCURYTM LNA Array (v.19.0) (Exiqon) according to the procedure in the array manual. Axon GenePix 4000B microarray scanner was used to scan and acquire the images of the miRNA microarrays. Then these images were transformed into digital signals using GenePix Pro 6.0 (Axon) for normalization and data extraction. Finally, hierarchical clustering was performed to show distinguishable miRNA expression profiling among samples.
qRT-PCR analysis of miRNA expression
To confirm the differentially expressed miRNAs detected by miRNA microarray analysis, 2.0 μg of total RNA was reverse transcribed with the All-in-One miRNA first-strand cDNA synthesis kit (GeneCopoeia, Rockville, MD, USA). The obtained cDNA was diluted 1: 5 for further quantitative real-time polymerase chain reaction (qRT-PCR). Measurements were performed in triplicate on a LightCycler 480 (Roche Diagnostics, Basel, Switzerland); miRNA levels were measured using an All-in-One miRNA quantitative PCR detection kit with specific miRNA primers (GeneCopoeia). RNA U6 was used as a normalization control for miRNA expression. Quantification and the fold change of miRNA expression was calculated with the DDCt method, in which the ratio of expression between the experimental group and the control group was determined.
Osteogenic and adipogenic differentiation of BMSCs in vitro
BMSCs were plated in 6-well plates in growth medium. Growth medium was respectively replaced with human mesenchymal stem cell osteogenic differentiation medium (catalog No. HUXMA-90021; Cyagen, China) and human mesenchymal stem cell adipogenic differentiation medium (catalog No.
HUXMA-90031; Cyagen, China). The process of inducing differentiation lasted for 10-20 days, and induction medium was changed according to the instructions of the manufacturer. In the process of inducing differentiation, the total RNA of the osteogenic differentiation group was extracted at the 3 rd , 6 th , and 9 th day, and total RNA of the adipogenic differentiation group was extracted at the 4 th , 8 th , 12 th , and 16 th day. The cDNA was transcribed, and the miRNA levels were measured with by qRT-PCR.
miRNA target prediction
The online miRNA target predicting software, miRDB V5 (http:// www.mirdb.org/), TargetScan Human 7.1 (http://targetscan.org/) was utilized to determine target prediction of the differentially expressed miRNAs. The target genes listed in both miRDB V5 and TargetScan Human 7.1 were intersected to obtain the target genes with greater accuracy. Then, the listed targets were performed using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis for functional analysis of the differentially expressed miRNAs.
qRT-PCR analysis of mRNA expression
For mRNA analysis, 1 μg of total RNA was reverse transcribed using a TransScript All-in-One First-Strand cDNA Synthesis SuperMix for qPCR (Transgen biotech, Beijing, China) in a 20 μL reaction volume. And then qPCR was performed using a reaction mixture that contained 1 μL of the cDNA, 10 μmol/L gene-specific primers (GeneCopoeia), and 10 μL of 2× Fast SYBR Green Master Mix (GeneCopoeia). Measurements were performed in triplicate on a LightCycler 480 (Roche Diagnostics, Basel, Switzerland). Quantification and the fold change of mRNA expression was calculated with the DDCt method, in which the ratio of expression between an experimental group and the control group was determined.
Statistical analysis
SPSS Statistics 17.0 software was used for statistical analysis. All data were presented as mean ± standard deviation. Data comparisons were analyzed using the Student's t-test. A P value < 0.05 was considered significant.
Results
Clinical information of the cases
Eleven patients with FNF and 9 patients with SONFH were involved in our study; the essential information of these patients is listed in Table 1 load-bearing surface of the hip joint, and the osteoarthritis became so severe that the surface of the femoral head collapse and became flat ( Figure 1A-1C) . As for FNF patients, the articular surface of the hip joint was complete and smooth, and a fracture line was observed around the femoral neck area in radiograph ( Figure 1D ).
Morphology and phenotype of BMSCs
With the initial change of the growth medium, the spindle morphology of BMSCs adherent on the plate was observed. The cells proliferated rapidly and after 14 days of culture, they reached almost 80% confluences ( Figure 2 For further confirmation that the isolated cells were BMSCs, 3 BMSC specific surface antigens were characterized by flow cytometry. The results of flow cytometry showed that the cells that we obtained showed high expression levels of CD29 and CD90, and negative expression levels of CD34 which is reported as one of the hematopoietic lineage markers (Figure 3) . According to the present study, the cells were identified as human BMSCs.
miRNA expression profiles
MiRNA microarray detected 22 significantly differentially expressed miRNAs in the BMSCs from the SONFH group compared with the FNF group: 17 miRNAs were upregulated, namely, hsa-miR-4298, hsa-miR-4425, hsa-miR-601, hsa-miR-452-3p, hsa-miR-582-5p, hsa-miR-647, hsa-miR-5006-3p, hsa-miR516b-5p, hsa-miR-668-3p, hsa-miR-513b-5p, hsa-miR-3687, hsa-miR-181a-3p, hsa-miR-1246, hsa-miR-4436b-3p, hsamiR-3976, hsa-miR-4530, and hsa-miR-4421, and 5 miRNAs were downregulated, namely, hsa-miR-127-5p, hsa-miR-887-3p, hsa-miR-519e-3p, hsa-miR-933, and hsa-miR-122-3p ( Table 2) . The hierarchical clustering depicted the differentially expressed miRNAs between the 3 groups ( Figure 4A ). The volcano plot reflects the differentially expressed miRNAs between the SONFH group and the FNF group ( Figure 4B ).
miRNA expression validation by qRT-PCR
We performed qRT-PCR analysis to detect the expression values of the miRNAs scanned out by microarray analysis. The result of qRT-PCR analysis revealed that between the SONFH group and the FNF group, 4 miRNAs were upregulated (hsamiR-601, hsa-miR-452-3p, hsa-miR-647, and hsa-miR-516b-5p) and 1 was downregulated (hsa-miR-122-3p), which was consistent with the microarray result ( Figure 5 ).
Expression variation trend of the confirmed miRNAs during osteogenic and adipogenic differentiation of BMSCs
To investigate the role of the differentially expressed miRNAs in osteogenic and adipogenic differentiation of BMSCs, BMSCs were harvested at exact time points during the differentiation process (0, 3, 6, and 9 days for osteogenic differentiation, and 0, 4, 8, 12, and 16 days for adipogenic differentiation), and expression of miRNAs was determined by qRT-PCR. Because it has been reported as an osteogenic regulator, the expression level of miR-127-5p was also detected during BMSC differentiation.
Compared with that of untreated control BMSCs (day 0), the expression of miR-601, miR-452-3p, miR-516b-5p, and miR-127-5p showed a significantly downward trend during osteogenic differentiation. The expression of miR-647 increased slightly at day 3, and then decreased during the osteogenic process. Whereas the expression level of miR-122-3p showed a significantly upward trend compared with the control (Figure 6 ). As to adipogenic differentiation, the expression levels of miR-601, miR-452-3p, miR-647, miR-516b-5p, and miR-127-5p showed a significantly upward trend, and the amount of expression was the highest on the 8 th or 12 th day. Conversely, the expression decreased significantly on the 4 th and 8 th day compared with the control (Figure 7 ).
These results suggested that miR-601, miR-452-3p, miR-647, miR-516b-5p, and miR-127-5p might be negative regulators of osteogenic differentiation of BMSCs which can promote adipogenic differentiation, whereas miR-122-3p plays the opposite role.
Target prediction
To investigate the possible targets of the 6 miRNAs confirmed by qRT-PCR, we used the online bioinformatics database miRDB V5 and TargetScan Human 7.1 to identify potential targets. The target genes both listed in miRDB V5 and TargetScan Human 7.1 were intersected to obtain the target genes with greater accuracy. A total of 238 genes were predicted as the target genes of the 6 differentially expressed miRNAs. Figure 8 shows the target prediction interactive network of the miRNAs and potential targets.
Go and KEGG analysis
To investigate the function of the 6 differentially expressed miRNAs, we performed GO and KEGG analysis for further functional analysis. GO analysis predicts the biological functions of the target genes from 3 aspects: biological process (BP), cellular component (CC), and molecular function (MF). The results of BP analysis revealed that the targets mostly participate in biological regulation (158), biological process (151), and cellular process (141) ( Figure 9A) . The predicted target genes mostly function in the cytoplasm (147) and the cytosol (78) in the result of CC analysis ( Figure 9B ). The result of the MF analysis indicated that the molecular functions of the targets were mainly binding (189) (Figure 9C ). hsa-miR-4425 hsa-miR-601 hsa-miR-452-3p hsa-miR-582-5p hsa-miR-647 hsa-miR-5006-3p hsa-miR-516b-5p hsa-miR-668-3p hsa-miR-513b-5p hsa-miR-3687 hsa-miR-181a-3p hsa-miR-1246 hsa-miR-4436b-3p hsa-miR-4530 hsa-miR-4421 hsa-miR-127-5p hsa-miR-887-3p hsa-miR-519e-3p hsa-miR-933 hsa-miR-122-3p FNF SONFH (Figure 10 ).
Validation of mRNA expression by qRT-PCR
For further studies on miRNAs functions in BMSCs during the SONFH pathogenetic process, qRT-PCR was utilized to detect the expression values of crucial genes and predicted targets by bioinformatics analysis, including SIRT1, TP53, PPARg, PPARgC1A, FOXO1, EFNA4, PAPSS1, LOXL2, MAPK10, SRF, CUL5, SEPT4, TBK1, and LRRC17. Compared with the control, SIRT1, EFNA4, PAPSS1, and LOXL2 predicted as target genes of miR-601 were significantly downregulated in the SONFH group; SEPT4 and TBK1 predicted as target genes of miR-452-3p decreased significantly; and MAPK10 predicted as target genes of miR-516b-5p was significantly downregulated, whereas LRRC17 predicted as target genes of miR-122-3p increased significantly ( Figure 11 ). TP53, PPARg, and FOXO1 which are the crucial genes in cancer pathogenesis and BMSCs differentiation, were downregulated in the SONFH group, whereas PPARgC1A increased significantly ( Figure 11 ).
Discussion
The pathological process for the development of SONFH is complicated. Multiple factors can cause the death of osteocytes and bone marrow, leading to structural changes in the femoral head which may even be followed by femoral head collapse and joint dysfunction. The use of GC has been identified as the first factor in developing non-traumatic ONFH [16] . GC use can lead to intramedullary adipogenesis, vascular endothelial injury, microvascular thrombosis, and intramedullary hypertension, resulting in insufficient blood supply to the femoral head [17] . 
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Eventually, femoral head ischemia and osteocyte death leads to structural changes, and ONFH occurs. In the last few years, the role of BMSCs in the pathogenesis of ONFH has received extensive attention. BMSCs are pluripotent stem cells that can differentiate into multiple bone matrix cells such as osteocyte, adipocyte, osteoblast, and osteoclast. In vivo, bone is continuously remodeled by a balance between osteogenesis and osteoclast throughout life; the decreased osteogenic potential and the increased adipogenic potential of BMSCs can break this balance, resulting in decreased osteogenesis and increased intramedullary adipogenesis and osteonecrosis [18] . It has been reported that BMSCs isolated from patients with SONFH show lower efficiency of colony formation compared with healthy controls, indicating reduced activity of BMSCs in patients with SONFH [19] . High concentration of dexamethasone can suppress the expression of Runx2/Cbfa1 in BMSCs and promote the expression of PPARg and Dickkopf-1, leading to dysfunction of BMSCs and imbalances in osteogenesis and osteoclasts [20, 21] . Based on these previous studies, BMSC has been considered to be closely related to the pathogenesis of SONFH. MiRNAs are small noncoding regulatory RNAs that inhibit translation or promote mRNA degradation by binding to the 3'untranslated region of their target mRNAs through complementary base pairing. In recent years, there have been continued reports of the regulatory effect of miRNAs on BMSCs. Many miRNAs have been confirmed as signaling pathway nodes participating in the osteogenesis processes. For example, miR-93-5p, miR-340, miR-708, and miR-1827 have been reported to regulate the osteogenic differentiation of BMSCs [22] [23] [24] [25] . Furthermore, miR-27a and miR-188 have been shown to be key regulators for the shift between osteogenic and adipogenic differentiation of BMSCs [26, 27] .
In our study, microarray analysis was used to investigate the differentially expressed miRNAs in BMSCs from SONFH patients. We found 17 upregulated and 5 downregulated miRNAs 1821 that were detected using miRNA microarray analysis. To verify the result of the microarray analysis, the expression level of 21 differentially expressed miRNAs (except has-miR-3976) were detected by qRT-PCR. The expression level of miR-601, miR-452-3p, miR-647, and miR-516b-5p increased significantly and the level of miR-122-3p decreased significantly in BMSCs isolated from SONFH patients, which was in accordance with microarray results. In consideration of a previous investigation that demonstrated that miR-127-5p promotes chondrogenic differentiation of BMSCs by targeting osteopontin (OPN), miR-127-5p was also included in our study despite results of miRNA microarray and qRT-PCR being opposite [28, 29] . The [189] binding [11] transcription factor activity, RNA polymerase II core promoter proximal region sequence-speci c binding [14] protein domain speci c binding [15] phosphotransferase activity, alcohol group as acceptor [16] kinase activity [20] transition metal ion binding [19] 
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expression levels of the 6 miRNAs (miR-601, miR-452-3p, miR-647, miR-516b-5p, miR-127-5p, and miR-122-3p) were detected during osteogenic and adipogenic differentiation. In the process of osteogenic differentiation, we identified 5 miRNAs (miR-601, miR-452-3p, miR-647, miR-516b-5p, and miR-127-5p) that were on a declining curve, while miRNA-122-3p presented on a rising curve. As to adipogenic differentiation, the expression level tendency of the 6 miRNAs were contrary to osteogenic differentiation. These findings indicate that the 6 miRNAs had an intimate correlation to the osteogenic and adipogenic differentiation of BMSCs.
In previous studies, many target genes of miRNAs have been identified using luciferase reporter assay. Sirtuin 1 (SIRT1) has been confirmed as a direct target of miR-601 using luciferase reporter assay in research of pancreatic cancer [30] . SIRT1 is a NAD+-dependent lysine deacetylase mediating multiple signaling pathways, which has also been identified to suppress BMSCs adipogenesis by activating Wnt/b-catenin signaling in vivo and in vitro [31] . SIRT1 has also been reported to play key roles in p53 and NF-kB signaling pathway [32] . According to the result of qRT-PCR, SIRT1 was downregulated in the BMSCs isolated from SONFH patients, which was contrary to miR-601 results. Combining the previous investigation with our experiment, we speculate that miRNA-601 may promote SONFH and suppress osteogenic differentiation by targeting SIRT1. PTP4A1 has also been confirmed as a direct target of miR-601 using luciferase reporter assay in research of breast cancer [33] . These findings should be further explored in future research. miR-122 is a crucial regulatory factor which has been reported to directly participate in regulating the pathogenetic process of digestive system diseases, like pancreatitis, hepatocellular carcinoma, and hepatitis C virus (HCV). miR-122 can also act as a potential circulating biomarker of drug-induced liver injury [34] . miR-122 participates in lipid metabolism regulation and plays an important role in lipid (particularly TG) accumulation in the liver by reducing YY1 mRNA stability to upregulate FXR-SHP signaling [35] . However, the regulation mechanism of miR-122-3p in the pathogenesis of SONFH is not clear. With the regulation effect of miR-122-3p associated with the pathogenesis of digestive system diseases, research related to miR-122-3p regulation of BMSCs should continue to make progress.
There were several limitations of this study. Although this was the first time that these 6 miRNAs have been reported to be differentially expressed in BMSCs of SONFH, the exact targets of the miRNAs and the specific regulatory mechanism was not fully explored. The relationship between the differentially expressed miRNAs and abnormal biological states, such as BMSCs dysfunction, apoptosis, or lipid metabolism disorder, remains largely unclear. These should be discussed in further studies.
Conclusions
Six miRNAs associated with osteogenic and adipogenic differentiation were identified differentially expressed in the BMSCs of SONFH patients, and 14 mRNAs which are possible targets of the differentially expressed miRNAs were proven to be differentially expressed in the BMSCs of SONFH. To our knowledge, these 6 miRNAs are the first reported to be related to the pathogenetic process of SONFH. However, without the application of luciferase reporter assay, we were not able to confirm the exact targets of these miRNAs, or their exact regulatory effect on SONFH. The regulatory mechanism of these miRNAs in the pathogenetic process of SONFH will be further explored in future studies.
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